ABSTRACT The recent increase in electricity tariff and the introduction of feed-in tariff from renewable resources have increased the interest of energy consumers, such as those in commercial and residential buildings, in reducing their energy usage. This paper proposes a smart power socket and central control system that utilizes the Zigbee communication protocol to control energy usage. The system is designed such that smart sockets wirelessly provide the necessary data to a central controller. Then, the system analyzes the data to generate control commands to turn the devices attached to the smart socket on or off. Experimental results show that the proposed smart socket can correctly read the power consumption of wirelessly connected devices from up to 18 m away without loss of data. The central controller can effectively control multiple sockets on the basis of a scheduled user program code. A 24-min implementation of the proposed energy management algorithm shows a reduction of 0.811 kWmin (0.0134 kWh) in energy usage after the use of the smart sockets as load controllers. Thus, the proposed smart socket system can be fully utilized in a home energy management system with a proper scheduling algorithm.
I. INTRODUCTION
The global trend in electrical energy consumption has exponentially grown in recent years because of economic development and population increase. However, utility regulators attempt to reduce end-user consumption in many ways, such as the introduction of high tariff rates, tariff time usage, and demand response programs, due to limitations in electrical energy supply systems. Energy regulators also attempt to reduce fossil fuel dependency because of oil reserve depletion, oil price volatility, and negative environmental impacts, such as CO2 emissions [1] . Therefore, end users must reduce their energy consumption by altering their energy utilization patterns and using energy-efficient equipment and devices. Governments around the world encourage energy users to reduce energy utilization by increasing their awareness, introducing incentives for users with low-energy consumption, and promoting green energy solutions [2] , [3] . Other possible solutions may include the reduction of energy usage and utility bills by introducing integrated photovoltaic systems, alerting consumers about their energy usage, using energy-efficient devices (e.g., light emitting diode (LED) lamps), replacing conventional devices with smart devices (e.g., remotely controllable sockets), and adopting intelligent energy management systems that control smart devices [4] .
Statistical reports show that regularly providing information about end-user habits toward energy consumption can effectively solve electrical energy wastage. Desley et al. [5] show that providing energy usage information can alter appliance usage and reduce energy consumption by as much as 20%. Many devices and applications have been developed for personal electrical energy usage monitoring and energy management of homes and commercial buildings. Some of these methods help determine energy consumption levels only [6] , whereas others offer additional information about the merits of energy saving, such as the financial benefits of turning off unnecessary appliances or shifting usage time. Other techniques include providing detailed load characteristics or representing such with emotional icons, such as an image of a polar bear on a melting iceberg, to alert the users on the importance of reducing energy consumption.
The automatic control of individual devices has become feasible in recent years because of technological advancements. This progress began with the introduction of smart power sockets/plugs that can handle individual loads any time of the day. Smart sockets help users reduce electricity costs by monitoring and controlling home appliances without affecting user comfort level, and this overall experience eventually served as the basis of modern smart home concepts. Research conducted by the National Building Controls Information Program identifies the link between energy consumption in buildings and control-related problems [7] . This study demonstrates that most of the problems related to inefficiency in building energy utilization systems stem from control problems linked with input devices, software programming, and operator interference. With reference to the said requirements for energy efficacy and management, smart sockets have a few design problems, such as being equipped with a fixed voltage signal in an attempt to avoid voltage sensor utilization, which may lead to inaccurate information and simplified programming code used in power and energy calculations. Such drawbacks have motivated this research to develop an accurate and controllable smart socket using the low-cost Arduino Duemilanove microcontroller and XBee wireless technology. The next section provides an overview of the smart socket development.
II. RECENT ADVANCES IN SMART SOCKETS
Various smart socket prototypes have been proposed in the literature for monitoring and controlling home appliances. Guangming [8] proposes a wireless power outlet that controls the home appliance attached to it without the need to add control wires or power cables during building construction. In the prototype, the Zigbee wireless protocol with 2.4 GHz frequency band is used as the Zigbee transceiver. In a similar work [9] , a smart socket with a Zigbee microcontroller and a user interface is developed [9] . The socket in the study comprises a current-sensing part and a set of resistors arranged such that it divides the voltage until it reaches the suitable limit for the power metering chip. With use of the socket, the total and individual power consumption of the connected device can be obtained through the device interface. However, the device is limited by its low sampling rate and limited communication coverage at the sight distance of a few tens of meters only. Subsequently, a power plug is developed in [10] to simultaneously provide real-time data on power consumption using a node and a control actuator. The plug comprises an Arduino Duemilanove microcontroller, which can measure sample current using the current transformer. However, constant voltage value is used in calculating real power, and no variations are assumed in the root-mean-square (RMS) voltage for the main supply. In addition, an Ethernet module is used as a communication medium with turn off/on options for the electrical appliance. In [11] , research is conducted on a smart socket that can wirelessly monitor and control attached loads through a main controller. The smart socket comprises the following components: an ATmega328 microcontroller, which acts as the manager of all other plug components; a current sensor, which provides the current information to the microcontroller; and a Zigbee transceiver, which communicates with another Zigbee transceivers connected to the user interface and an actuating relay that can turn the load on or off [11] . Similar to designs in previous works, that in [11] does not consider any measuring unit for the voltage signal because power consumption is estimated using the current drawn from the socket, thereby fixing the voltage level to a reference value. In a related work, Ahmed et al. [12] introduces an alternative smart plug design for residential load monitoring; this design depends on a Zigbee PRO microcontroller and supporting sensing circuits for voltage and current measurements. After the Zigbee module in this design transmits information to a master computer, a pre-developed software with all the necessary formulas is utilized for power calculation and energy plotting. However, this design may exhibit calculation errors due to false or unreceived data from the power plug node [12] . Similar to [12] , Raju et al. [13] constructs a wireless sensor network to monitor and control electrical devices in residential units. Similar to [11] , a current sensor and step-down transformer with a full bridge rectifier are used to set the condition for the current and voltage signal suited for the Zigbee microcontroller. However, unlike the previous setups, this design adopts a Raspberry Pi microcontroller linked to another Zigbee transceiver for the master controller. Nevertheless, the utilization of a typical step-down transformer for voltage measurement may lead to incorrect power factor calculation because of the phase shifts between the primary and secondary voltages of the transformer [12] , [13] . In [14] , an active smart socket is developed to control the active power of loads connected to the socket by controlling the voltage of the system. Four main units are considered in the design, namely, a sensor unit, which contains a current sensor and a voltage sensor for power calculation; a communication unit, which sends measured data to the main controller; a control unit attached to the socket, which handles the computation; and a main controller, which serves as the remote control. When the main controlling unit receives a regulating command, the device uses the voltage modulator unit to regulate the socket voltage. In [15] , an analog-to-digital converter (ADC) is used to measure voltage, and this setup affects the end values representing active power reduction for a particular device. By linking previous efforts, Han et al. [16] proposes smart home appliance control operated by human speech. The design involves actuating pre-set voice commands collected by the command executer, deploying microphones throughout the area, and executing the command after processing. The set commands differ for each home appliance, but the command executer architecture is similar for all appliance units. The command executer comprises four main parts, namely, environment interface, statement interface, reasoning module, and command generator [16] . Despite the well-received concept, the design lacks the capability of power monitoring systems. The controlling commands are also limited to specific commands, and these commands require updates each time a command is added. In [17] , a smart socket that can provide information to a connected appliance is developed. The socket comprises a Zigbee communication module, power metering chip, VOLUME 6, 2018 and microcontroller. The socket can wirelessly deliver power consumption and time-of-use (TOU) readings to a gateway; this design can update the readings on the cloud server for easy consumer access. However, the socket design does not include a control unit and thus does not provide any option for controlling the attached appliance. Singaravelan et al. [18] develops a similar smart socket that can drop the standby power to zero when the user turns off the appliance; i.e., the socket turns the device off completely when the user is not detected by the integrated motion sensor. By contrast, the smart socket switches the appliance to normal operation when the user is detected. The smart socket is designed such that the user can perform the necessary task, and the socket turns the power off completely when the task of the utilized appliance is finished. The socket uses a microcontroller and a current sensor to ensure that the device remains in standby mode when user presence is detected near the device [18] . However, the socket does not include a real power monitoring option in its hardware design, and the current sensor, which can determine whether the appliance is turned on/off or in standby mode, is used instead to approximate the real power. The limitations and problems mentioned above reveal the need to develop an improved smart socket that can accurately and efficiently measure various electrical parameters, in addition to controlling connected loads. Thus, as presented in this work, attempts are made to develop an enhanced smart socket that can be utilized for home energy management.
III. PROPOSED SMART SOCKET DESIGN
The conceptual design of the proposed smart socket for realtime remote power monitoring and controlling of connected load is shown in Figure 1 . As shown in the figure, the socket can be remotely accessed through a wireless medium. The instrument determines and processes the single-phase power line voltage and current of the connected device. The socket sends the captured data to the master node when connected to a master node or controller. The socket utilizes wireless connectivity and a memory for storing raw data. Special signal-conditioning circuits are also used to sample the line voltage and current and relay data. Furthermore, the socket can turn on or off the connected appliance from the master controller.
A. HARDWARE ARCHITECTURE OF SOCKET
The main components of the socket are the sensing and signal-conditioning modules of the Arduino Nano V3.0 microcontroller, an XBee communication module, and an IRM-10-12 switched-mode power supply. The voltage sensor utilizes a voltage divider network and an ACS712 Hall effect current sensor connected to a signal-conditioning circuit. The hardware is designed such that the socket can calculate the RMS voltage and current, power, and power factor. The socket is also designed to turn a connected electric appliance on and off using a 12 V, 10 A relay. Figure 2 shows the system organization, in which N (number) appliances are attached to N smart sockets, which are wirelessly connected to an XBee coordinator, which acts as a communication module at the user interface side.
1) MICROCONTROLLER HARDWARE
The signals are initially processed by the microcontroller and stored in its memory. Then, the processed data are passed to the XBee module for transmission. Therefore, the microcontroller is the most important part of the smart socket. Arduino Nano V3.0 is selected as the suitable microcontroller due to its small size, sufficient memory, and suitable programming development platform [19] .
The Arduino Nano microcontroller has 13 digital input/output (I/O) pins, which can be configured as inputs to the microcontroller or outputs from the microcontroller to send or receive commands at certain voltage levels.
The microcontroller also contains eight analog pins with the onboard analog integrated to the digital converter channels via the ATmega328 controller. Each channel has a resolution of 10 bits, which indicates the capability of returning integers ranging from 0 to 1023. Although such analog pins are usually used as inputs from analog sensors, they can also function as I/O pins. The Arduino Nano can operate at different voltage levels, namely, 5 V for the supply and 3.3 V for the onboard voltage regulators. These sources can also be used to supply power to other units in the smart socket. Subsequently, the use of a single supply source can unify the voltage references of all modules integrated into the smart socket. The recommended voltage of the Arduino Nano ranges from 6 V to 12 V, although the specific power depends on the attached sensors or the shield of the Arduino Nano. Figure 3 shows the full layout of the Arduino Nano microcontroller. 
2) SIGNAL-CONDITIONING CIRCUIT
The power line voltage is higher than the maximum input voltage required by the microcontroller ADC. Therefore, the voltage signal must be attenuated to approximately two-thirds of the maximum ADC input to ensure the elimination of clipping on the signal. In addition, the ADC channels on the microcontroller can only vary from 0 to 1023, and thus, a DC offset is required to shift the voltage signal up and ensure compatibility with the analog pin A2 on the microcontroller board. In this circuit, two resistors of the same value (R and R') are used to force the voltage signal to oscillate at a reference point, which is half the applied voltage (VCC = 5 V). Therefore, the center of the voltage signal shifts to 2.5 V instead of the original 0 V. Figure 4 shows the DC offset circuits required for the power line voltage-conditioning circuit.
The line current can be measured by a sequential connection of a resistor between the lines; this connection ensures that the voltage drop across the inserted resistor is proportional to the current. However, this technique is cumbersome and difficult to implement because frequent calibration and a high-wattage resistor are required. Thus, the ACS712 Hall effect current sensor is used to overcome this problem. Among the many alternatives, the ACS712 current-sensing module is selected to measure the current signal because the sensor is compatible with the Nano microcontroller and can be supplied by the 5 V supply integrated into the microcontroller. Furthermore, the output of the sensor is suitable for the ADC channel in the main microcontroller chip.
The ACS712 is a Hall effect-based current sensor that should be placed in series with the load. This sensor can give accurate current measurements with a total output error of ±1.5%. The sensor also provides current measurements in the form of voltage signals ranging from 0 V to 5 V, depending on the measured input current. Moreover, ACS712 comes in three different modules that comply with the amount of measured current. The modules are as follows: 5 A module with 185 mV per Amp output sensitivity for small loads, 20 A module for average loads with 100 mV per Amp output sensitivity, and 30 A module for large applications with 185 mV per Amp output sensitivity. The 20 A module is used in the power socket design because the loads can vary up to 13 A. The sensor output is filtered by a low-pass filter to smoothen the current signal before reaching the analog pin A2 on the Arduino Nano board where the analog-to-digital conversion occurs.
3) WIRELESS COMMUNICATION MODULE
A communication module is needed to transfer the calculated voltage, current, power, and power factor to the user interface. Numerous communication protocols are available, such as Zigbee, Bluetooth, and Wi-Fi. The Zigbee protocol is selected due to its various advantages, such as inexpensiveness, wideranging applications, various options for network configuration, and low power requirements. Table 1 presents the main points that justify the choice of the Zigbee protocol [20] .
The Zigbee protocol can be utilized with the XBee communication module (Digi International), which produces more than 30 combinations of such modules [21] . XBee can be categorized into two main series. Series 1 is excellent for point-to-point communications, whereas Series 2 offers various network topologies, such as star, tree, and mesh organizations. Communication does not exist between different series; on the contrary, communication can occur only in modules with the same series [21] . Series 2 modules are used in this design because they can offer the required network organization. Series 2 also offers various kinds of modules that differ in terms of coverage range, transmission power, and antenna type. XBee-Pro S2C is particularly selected for application because of its 100 m indoor coverage range (line of sight) with only 63 mW of transmit power.
XBee S2C is an embedded system and can provide the required communication solution by utilizing the DigiMesh Zigbee protocol. The single XBee module comprises 20 pins, with 2.4 mm spacing between each pin [21] . A total of 12 pins can generally be used as I/O digital pins, among which four can be used to read analog data from sensors. Such pins require 3.3 V supply to properly function. These pins can interact with the Arduino Nano in addition to transferring data wirelessly. As shown in Figure 5 , the interaction between Arduino Nano and XBee modules can be performed by connecting the Rx and Tx pins of the XBee module to the Tx and Rx pins of the Arduino Nano, respectively.
4) POWER SUPPLY AND POWER RELAY SWITCH
The recommended voltage of the Arduino Nano is 6 -12 V, depending on the attached sensors or the shield of the Arduino. Hence, the IRM-10-12 switch-mode power supply from the mean well is used to supply the Arduino board. The IRM-10-12 power supply provides 12 V with 0.85 A and is sufficient for this application.
The 10 A relay with a coil voltage of 12 V is used to control the connected device. This relay can activate its contacts on the basis of the input command generated by the Arduino Nano, thereby acting as a switch. The connection of the relay is shown in Figure 6 . 
5) FINAL PROTOTYPE
After the initial prototyping using a breadboard, the printed circuit board (PCB) is manufactured to replace most of the wired connections using copper traces for size compactness and the separation of the high-and low-voltage connections. A two-sided PCB is designed to realize the high-voltage connection at the bottom and low-voltage connection on the top of the setup. The components are also soldered to the PCB to complete the hardware set placed inside an isolated box, in which the female socket side is used for appliance connection and the other side is composed of three male pins for the wall power plug. Figure 7 shows the hardware system.
B. SOFTWARE REQUIREMENTS
Three software packages are used to design the smart socket, namely, DipTrace computer-aided design (CAD) for the PCB, XCTU for the XBee module configuration, and Arduino IDE for the Nano microcontroller program. 
1) DIPTRACE FOR PCB DESIGN
DipTrace is a CAD software used for the design of single or multiple PCB layer/s. The software package has different user interfaces with varying capabilities. The first interface allows users to design the component symbols for the second interface. The second interface allows users to design a full schematic of a certain circuit. The third interface allows the design of the actual footprint of the component before it can be used to plan the layout of the final PCB.
2) XCTU FOR XBEE MODULE CONFIGURATION
XBee modules can operate in the following modes: transparent (AT) and application programming interface (API) modes. The AT option allows the user to utilize the digital pins on the XBee board to collect data and send them to a remote XBee without formatting any data package. The AT mode is usually used for point-to-point communication.
Meanwhile, the API mode provides the user with additional options to build the network as point-to-point, star, or mesh networks.
Mode selection is determined by using the XCTU configuration software (Digi International). The software allows users to specify the attached module as a coordinator or router in the specified network. In the proposed smart socket, all the modules are configured to operate in the API mode with one of the modules acting as the network coordinator connected to the user interface. All the other modules act as routers that transmit data values to the microcontroller.
3) ARDUINO SOFTWARE (IDE) FOR POWER CALCULATION
The power factor function and the real power calculations are handled by the Arduino Nano microcontroller. Programming is conducted by the Arduino software (IDE), which acts as a communication link between the programmer and the microcontroller board. The IDE allows the programming procedure to be conducted using C/C++ programming or Arduino language. After completion and compilation, the code is uploaded to the board by a USB cable.
Microcontroller board programming is performed by taking 100 samples (n) of voltage and current sensor readings and storing them in the two arrays used for the RMS calculation [22] . The RMS values of the current (Irms) and the voltage (Vrms) are calculated with Eq. (1) using a program code [23] .
The Vrms and Irms values are used to calculate apparent power using the following expression [23] :
Instantaneous real power (P(n)) is initially calculated with Eq. (3) using the 100 samples obtained from the voltage and current sensors [23] .
Then, the average power is obtained as follows [23] :
Finally, the power factor (PF) is derived from the calculated average power and apparent power as follows [23] :
The calculated values are converted into data bytes and combined with the sending node address to assume the form of data packets for subsequent transmission. This transformation can be conducted by using the union function provided by the C programming language. The function can convert a float or integer value to a size 4 array of bytes. Then, the procedure is reversed in the receiver node to retrieve the data and identify the sender.
To summarize all the steps of smart socket functions, the flowchart in Figure 8 is utilized to represent the entire process of reading, calculating, and transmitting various socket powers. The figure also includes the description of the generation of commands of the remote controller to different sockets.
IV. ENERGY MANAGEMENT ALGORITHM
In this section, the development of a rule-based algorithm to manage the energy usage utilizing the smart sockets is discussed. The algorithm is supposed to schedule the use of appliances (a refrigerator, LED light and a TV), which are attached to various smart sockets. This method is conducted by generating remote commands to the smart sockets to turn the attached appliances on or off. Moreover, the smart socket concept is extended as dimming driver for LED light as shown in Figure 9 .
To generate the appliance scheduling and light-dimming rules, the algorithm requires online information of illuminance, room temperature, and refrigerator temperature variations under normal operating conditions, along with the TOU pricing variation. Moreover, user preference settings are important constrains for such a scheduling algorithm. Therefore, for monitoring the aforementioned input parameters, a light-sensing module is integrated with a wire temperature sensor and a DHT-22 temperature sensor to measure LUX value (L), internal refrigerator temperature (Tin), and room temperature (Tr). The sensors are connected to a microcontroller, which processes all the parameters and sends them wirelessly to the central controller where the scheduling algorithm is implemented. The condition monitoring circuitry is depicted in Figure 10 . As exhibited in the figure, the room temperature varies around 24 • C during the monitoring period, whereas the internal refrigerator temperature decreased from 7 • C to 5 • C, depending on the refrigerator cooling cycle ideal for keeping food, such as vegetables and fruits. Moreover, the luminous intensity value ranges between 300 and 420 lux, depending on the lightning condition of the monitored room. The lux is accordingly affected by the movement around the sensor and varies. Lastly, a fluctuation of the TOU energy price is required by the algorithm to check for the price peaks. Similar with any other energy management algorithm, the proposed algorithm attempts to avoid energy usage during peak time and maximum usage during the minimum price time.
After realization of smart sockets, condition monitoring in real time, and prediction of TOU price, a rule-based energy management algorithm can be developed to demonstrate the importance of smart sockets in reducing energy usage. The algorithm developed in this study considers the TV a fixed load, refrigerator as an appliance that can be turned on or off, and a LED light that can change brightness. A flowchart of the proposed algorithm is illustrated in Figure 12 .
The algorithm starts with the user preference setting constraints given in Eq. (6) as follows:
Where TREF_t represents the current refrigerator temperature and TROOM_t and LUXROOM_t indicate the current room temperature and luminance level, respectively. Subscripts min and max represent the preferred minimum and maximum values for temperatures and luminance level, respectively. The next process is to identify the minimum and peak points in the predicted TOU price for a specified period. Then, the controller evaluates the current condition at time t, such as device powers, room temperature, luminance level, and refrigerator temperature. The scheduling rules for the refrigerator depend on the TOU and as well as the internal refrigerator and room temperatures. Under the peak times and peak price intervals, the algorithm keeps the refrigerator and dimmable light at the status given in Eqs. (6) and (7), respectively.
For instance, the algorithm decides to turn off the refrigerator at peak times if the refrigerator temperature is within the limits and the room temperature is less than TROOM_max. Other conditions for the refrigerator operation are shown in Eq. (7), as shown at the bottom of this page. In the case of lighting load, the LED will be turned off only if all other lights are turned off by setting dimming percentage to zero. Moreover, 30% dimming command is sent to the LED light driver if the luminance level is within the limits during the peak time, as shown in Eq. (8), as shown at the bottom of this page. Other light-dimming levels for various conditions are also indicated in Eq. (8).
V. TESTING AND VALIDATION
Four experiments are conducted to validate the performance of the designed smart socket. The first experiment is used to validate the accuracy and reliability of the prototype (i.e., smart socket as a wireless power meter). The second experiment is performed to determine the capability of multiple
smart sockets and the central controller in simultaneously transmitting and receiving data and controlling various endnode smart sockets. The third experiment is conducted to validate the reliability of the Zigbee protocol used in this application. Lastly, the effect of utilizing the smart socket system on the energy usage is investigated in the fourth experiment.
A. EXPERIMENT 1: SMART SOCKET AS WIRELESS POWER METER
Various home appliances (Table 2 ) are used to test the accuracy and reliability of the prototype smart socket as a power meter. Among these appliances, the refrigerator is monitored the longest to observe the reliability of the designed smart socket. Figure 13 shows the experimental setup used to collect the voltage, current, various power values, and power factor from the refrigerator with the prototype smart socket. A power quality analyzer (PQA) is simultaneously utilized with the smart socket for data verification. The smart socket data are wirelessly transmitted to the central coordinator personal computer (PC), and the data file is updated every two seconds. Although the PQA only allows the saving of real power data in its internal memory for subsequent retrieval using an RS-232 serial interface, the analyzer can show the values of other parameters, such as voltage, current, apparent, and real and reactive power, on a real-time basis. A similar setup is used with the other devices.
B. EXPERIMENT 2: CONTROLLING MULTIPLE SMART SOCKETS
Three home appliances from Table 2 are selected to demonstrate the controllability of the smart socket by devising the on/off combinations for the selected devices (Table 3) . Each device is connected to a smart socket, and the three sockets are connected to the same circuit using a power extender. This setup allows the PQA to measure the aggregated power consumption of the on/off combinations of the connected devices, (Figure 14) . The second experiment aims to reveal the two-way communication between the central controller and each individual socket while simultaneously retrieving data and ensuring coordination among the sockets.
For each combination in the test, the total power trend of the devices is recorded in real time using the PQA connected at a common point for all devices. Each socket individually sends the power consumption of the connected load using the proposed wireless communication medium. The turn-on and turn-off controlling commands of the sockets are generated by the central controller.
C. EXPERIMENT 3: EFFECTIVE RANGE TEST OF SOCKETS
In the third experiment, the smart socket is placed in a fixed position and used to read and transmit the power data of the attached home appliance. Meanwhile, the central controller is positioned in 2.25 m increments toward the farthest direction of the house until the end of the intended coverage area (with room walls as barriers) is reached. The received signal strength is then recorded every 2.25 m step using the XCTU software to check signal quality depending on the location of the central controller ( Figure 15 ). 
D. EXPERIMENT 4: ENERGY MANAGEMENT ALGORITHM TEST
In this experiment, the refrigerator, TV, and a dimmable light are used to exhibit the effectiveness of the smart sockets in reducing energy usage during peak times. Figure 16 shows the experimental setup where the central controller is loaded with the proposed energy management algorithm. The central controller receives the power readings from the three appliances. It also receives the room and refrigerator temperatures, TOU prices (24 min), and luminous flux level in the room. The TOU energy price chosen for this experiment is shown in Figure 17 .
The peak times are at the 9th, 12th, and 21st minutes, whereas the cheapest energy price is at the 5th minute, as shown in the figure. Moreover, to satisfy user preference; the TV is considered the only uncontrollable load. The refrigerator temperature should be maintained between 5 • C and 7 • C, and the room luminous flux value should range between 300 and 400 lux. The preferred room temperature is between 22 • C and 25 • C.
After considering all these inputs and conditions, the main controller is expected to continuously monitor and reduce energy usage during the peak TOU periods. The results obtained from this experiment are also given in the following section.
VI. RESULTS AND DISCUSSION
The experimental results of the smart socket prototype are collated. Then, the performance of the smart socket prototype is compared with that of the PQA to validate the results.
A. POWER MONITORING RESULTS
Various home appliances are monitored to show the accuracy of the smart socket as a power meter. Figure 18 shows the FIGURE 18. Power consumption trend of refrigerator as monitored by smart socket and PQA. VOLUME 6, 2018 trend of the power consumption data for the refrigerator retrieved from the smart socket and the PQA.
As shown in Figure 18 , the refrigerator operates in distinct cycles and power consumption changes with different operating modes. At the start of the cooling mode, the refrigerator consumes approximately 190 W and gradually decreases toward normal operation. This change in power consumption in the cooling mode can be attributed to the inverterbased compressor used by the refrigerator. In defrost mode, the refrigerator consumes approximately 54 W. Between the two modes of operation (i.e., after the designated temperature is reached during cooling or defrosting), the power consumption nearly drops to zero because of the turned-off state of the compressor or the heater. The power consumption recorded by the smart socket and PQA matches closely. As shown in Table 4 , the average power recorded at the 132068 s duration by the smart socket is 64.12 W, whereas that of the PQA is 62.87 W. Therefore, the measurement error is 1.99 W, which suggests reasonable accuracy. The next appliance selected for testing is a LED TV. The data obtained for the two modes of operation (normal and standby) are shown in Figure 19 . The smart socket records 54 and 35 W during normal and standby modes, respectively. These values are close to the recorded values of 52 and 30 W by the PQA for the same modes. As shown in Table 4 , the average power recorded at the 678 s duration by the smart socket is 50.13 W, whereas that of the PQA is 47.86 W. The measurement error is 4.74 W.
Other kitchen appliances, namely, an electric blender, a microwave oven, and an electric kettle, are used to further verify the power monitoring capability of the smart socket (Figures 20, 21, and 22, respectively) . The figures show that the power consumption trends recorded by the smart socket are in accordance with those recorded by the PQA. The differences in the recorded data are listed in Table 3 .
The table clearly shows that all average powers obtained by both monitoring devices are close to each other, and the errors are below the acceptable level of 6%. These errors can be attributed to software and hardware differences, such as the sampling rate difference between the PQA and the smart socket prototype. The PQA performs downsampling when the number of samples exceeds a certain limit. The differences can be clearly observed in the comparison of power consumption trends in Figure 18 . In addition, a few communication errors in the form of critical sample loss between the smart socket and the central controller PC might have contributed to the preceding monitoring errors. Nonetheless, such loss can be addressed by replacing the average value of the last five samples instead of using the original value. Such a case is depicted by the green circles in Figure 19 .
B. APPLIANCE CONTROLLING RESULTS
Part B from the previous section describes the central controller that has been programmed to turn the devices off and on according to the combinations provided in Table 3 . Figure 23 shows the power consumption corresponding to the performance of the control actions of the connected devices, whose data are received by the central controller. The individual power consumption trends of the kettle, microwave oven, and refrigerator are depicted by the green, black, and magenta line plots, respectively. The central controller is utilized to calculate the total power consumption by aggregating the individual power trends of the devices, as shown in the red line plot in Figure 17 . The figure shows that the proposed controller can effectively perform control actions of multiple sockets even while reading power consumption data sent by the sockets. The accuracy of the received data, which is validated after comparing the aggregated power consumption monitored by the PQA, is represented by the blue line plot.
C. RANGE TEST RESULTS
The range test experiment described in Section 4.3 demonstrates the suitability of the proposed smart socket system for home energy management. The results are plotted in Figure 24 . Quality index (QI), defined as the variation in received signal strength (range: 0-255), is used to demonstrate the capability of the proposed system to effectively cover a sufficient distance with obstacles, such as walls and doors.
As depicted in the figure, the strength of the received signal is at the maximum (QI = 255) at 12 m before dropping to QI 225. Moreover, even at QI 225, the packets are efficiently received and transmitted without data loss. Thus, Zigbee can be regarded as a reliable protocol for this application.
D. ENERGY MANAGEMENT RESULTS
The energy used by the attached appliances is monitored for 24 min and aggregated in the main controller to obtain the instantaneous power and energy price and thus demonstrate the usefulness of the proposed energy management algorithm in scheduling. Two tests are conducted. In the first test, the power consumption and price trends in the normal usage of all the appliances are gathered. In the second test, the proposed algorithm is executed and the data are recoded for the same duration (24 min). Both cases are plotted on the same scale to easily note the effect of the smart socket utilization in appliance scheduling. Figures 25-27 show the power and price trends in both cases.
As shown in Figures 25 and 26 , the power consumption for both cases is the same for the first few samples before the LED light is dimmed by the scheduling controller and power is reduced by approximately 20 W. At the peak minutes (i.e., 9th, 12th, and 21st minutes), the refrigerator is turned off after the conditions of the refrigerator and the room temperatures are satisfied. The refrigerator does not consume full power once it is turned on in the next minute. Moreover, at the 9th minute, the dimming of the LED is more than one during the 12th and 21st minutes as the energy seems to be reduced more. The aggregation of the total energy within the 24 min in both cases results in 3.347 and 2.536 KWm before and after the application of the shifting algorithm, respectively. This finding means that a considerable amount of 0.811 KWm is saved within a 24-minute period. Figure 27 shows the instantaneous energy price for both cases. Usage shedding leads to a dramatic reduction in the price in the peak minutes and can be more in the non-peak times (the 18th minute, for example) due to the low luminance level in the room. However, the difference in the total price for both cases shows the feasibility of the proposed energy management algorithm, where the total prices are 0.21$ and 0.153$ with and without scheduling, respectively. This finding implies a saving of 0.056$ for the studied period of 24 min.
VII. CONCLUSION
This study presents the design and development of a wireless smart socket system using Arduino microcontroller and XBee wireless modules. Various hardware and software requirements are explained in detail. Unlike most of the previous works, which monitor device power consumption, no simplifying assumptions are considered in the present study. A hardware prototype is initially built, and three different experiments are conducted to test the reliability and effectiveness of the proposed system. The first experiment exhibits the accuracy of the monitored power from the proposed socket, whose values closely match those of the standard PQA monitor readings with less than 6% error. The second experiment reveals that the central controller can successfully coordinate and control multiple smart sockets on the basis of user-defined control routines. The experiment exhibits effective bidirectional communication capabilities despite the use of multiple smart sockets. The range coverage test shows that the Zigbee communication protocol is a dependable alternative for the wireless communication between home appliances and a central controller for applications. Finally, the utilization of the smart socket to shift the loads for 24 min results in 0.811 KWmin and 0.056$ reduction in energy consumption and price, respectively. Therefore, considering all the preceding capabilities mentioned, the application can be effectively used for smart home energy management systems, in which adaptive appliance scheduling algorithms can be embedded into the central controller of the said system.
